The generation of high-density lipoprotein (HDL), one of the most critical events for preventing atherosclerosis, is mediated by ATPbinding cassette protein A1 (ABCA1). ABCA1 is known to transfer cellular cholesterol and phospholipids to apolipoprotein A-I (apoA-I) for generating discoidal HDL (dHDL) particles, composed of 100-200 lipid molecules surrounded by two apoA-I molecules; however, the regulatory mechanisms are still poorly understood. Here we observed ABCA1-GFP and apoA-I at the level of single molecules on the plasma membrane via a total internal reflection fluorescence microscope. We found that about 70% of total ABCA1-GFP spots are immobilized on the plasma membrane and estimated that about 89% of immobile ABCA1 molecules are in dimers. Furthermore, an ATPase-deficient ABCA1 mutant failed to be immobilized or form a dimer. We found that the lipid acceptor apoA-I interacts with the ABCA1 dimer to generate dHDL and is followed by ABCA1 dimermonomer interconversion. This indicates that the formation of the ABCA1 dimer is the key for apoA-I binding and nascent HDL generation. Our findings suggest the physiological significance of conversion of the ABCA1 monomer to a dimer: The dimer serves as a receptor for two apoA-I molecules for dHDL particle generation.
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membrane protein | transporter P lasma high-density lipoprotein (HDL) is critical for preventing coronary artery disease (1) . A member of the ATPdependent transporter family of ABC proteins, ATP-binding cassette protein A1 (ABCA1) initiates the generation of discoidal HDL (dHDL), a bilayer fragment consisting of 100-200 lipids wrapped by two molecules of apolipoprotein A-I (apoA-I) (2-4), by exporting cholesterol and phospholipids to lipid-free apoA-I in serum (5) . More than 70 mutations have been identified in the ABCA1 gene. Indeed, mutations in ABCA1 lead to Tangier disease, which is characterized by plasma HDL deficiency (6) (7) (8) (9) (10) . ABCA1 has two large extracellular domains (ECDs), and the two intramolecular disulfide bonds between them are necessary for apoA-I binding and HDL formation (11) (12) (13) (Fig. 1A) . Two pieces of evidence suggest that apoA-I interacts with a specific conformation of the ECDs in an ATP-dependent manner: Chemical cross-linkers can cross-link apoA-I with ABCA1, and ATPasedeficient ABCA1 mutants fail to mediate apoA-I binding and crosslinking. However, the importance of direct binding of ABCA1-apoA-I in HDL formation is still controversial and, furthermore, how a dHDL particle containing two molecules of apoA-I is formed from lipid-free apoA-I monomers and membrane lipids is unknown.
To address these issues, we performed single-molecule fluorescence imaging (14, 15) of ABCA1 and apoA-I on the plasma membrane (PM) via a total internal reflection fluorescence (TIRF) microscope in living cells. We examined the dynamic behaviors of ABCA1 as well as the interaction of ABCA1 with apoA-I, and found that ABCA1 forms an immobile dimer on the PM; the ABCA1 dimer then dissociates into diffusing monomers upon interaction with apoA-I, finally generating HDL. We determined that the interconversion of ABCA1 between dimers and monomers depends on its interaction with apoA-I.
Results

ABCA1 Is Immobilized on the Plasma Membrane Depending on Its
Function. To examine ABCA1 dynamics on the PM, ABCA1, fused with enhanced green fluorescent protein (EGFP) at its carboxyl terminus, was transiently expressed in HeLa cells (Fig.  1B) , which do not express endogenous ABCA1 at levels detectable by immunoblotting. As a nonfunctional control molecule, an ATPase-deficient ABCA1 mutant (ABCA1-MM), in which two lysine residues essential for ATP hydrolysis (11) were replaced by methionines, was used for comparison (Fig. 1A) . Strikingly, before apoA-I application, many ABCA1-EGFP molecules expressed on the PM exhibited immobilization ( Fig. 1C and Movies S1 and S2), which could be conveniently characterized by the diffusion coefficient in a time window of 100 ms, D 100ms (Fig. 1D ). Because the "maximal" operational D 100ms (by noise) for purified EGFP attached to the cover glass was 0.032 μm 2 /s, we classified molecules exhibiting D 100ms < 0.032 μm 2 /s as "immobile" (meaning that the diffusion was slow and/or undetectable compared with the noise). We found that about two-thirds (69%) of the ABCA1 spots were classified as immobile, with a median D 100ms of 0.0034 ( Fig. 1D and Table 1 ). In contrast, only 20% of ABCA1-MM spots were classified as immobile, with a median D 100ms of 0.12 ( Fig. 1D , Table 1 , and Movies S3 and S4).
Immobile ABCA1 Molecules Are Dimers. We found that many immobile ABCA1-EGFP molecules are dimers. Because immobile fluorescent spots can be easily tracked, we examined the timedependent changes of the fluorescent signal intensity of each individual immobile spot ( Fig. 2A) . Among 155 spots in 11 cells examined, 38% (35 out of 91) of immobile spots exhibited twostep photobleaching ( Fig. 2B and Movie S5), suggesting that the spots are dimers, whereas 97% (62 out of 64) of mobile spots were photobleached in a single step (Fig. 2B) . Because the actual fluorescent fraction of ABCA1-EGFP was 62.8 ± 3.7% under our expression conditions, many dimers should be pairs of fluorescent and nonfluorescent molecules and thus would show single-step photobleaching. The true dimer fraction of immobilized ABCA1 molecules was determined by correcting with the actual fluorescent fraction of GFP as previously described by Kasai et al. (15) (SI Materials and Methods). We calculated that 88.6 ± 12.0% of immobile ABCA1 molecules are involved in dimers. In contrast, among 158 spots of ABCA1-MM-EGFP in 16 cells examined here, 94% of the spots were photobleached in a single step (Fig. 2C) . In summary, ABCA1 molecules with lipid-transporting activity form dimers and are immobilized, whereas nonfunctional molecules tend to remain monomers and are mobile. Furthermore, the diffusion of ABCA1-MM was unaffected by the simultaneous expression of ABCA1 in the same cell (Fig. S1) ; this suggests that ABCA1 immobilization is directly linked to its lipid transport activity and not to lipid composition changes in the PM by ABCA1 activity.
Partial depolymerization of actin filaments by latrunculin A treatment decreased the immobile fraction to 52% and significantly (P = 0.0001) increased the median D 100ms to 0.025 μm 2 /s (Table 1 and Fig. S2 ). These results suggest that actin cytoskeletons underneath the PM (actin-based membrane skeleton) are involved in ABCA1 dimer immobilization; however, it is likely that there are additional mechanisms for immobilizing ABCA1 dimers.
ApoA-I Increases ABCA1 Mobility and Releases ABCA1 Dimer to Monomers. We found that the addition of a physiological concentration (5 μg/mL, 0.17 μM) of apoA-I released ABCA1 from an immobilized state ( Fig. 1C and Movie S6). The immobile fraction of ABCA1 decreased from 69% to 38%, and the distribution of D 100ms for ABCA1 became similar to that for ABCA1-MM in 10 min ( Fig. 3A and Table 1 ). There was also a concomitant increase in the median D 100ms (P < 0.0001) ( Fig.  3B and Table 1 ) and mobile fraction (Fig. 3C ) of ABCA1, whereas apoA-I addition did not influence the dynamics of ABCA1-MM (P = 0.40). In addition, 10-15 min after apoA-I application, 96% (74 out of 77) of ABCA1 spots exhibited singlestep photobleaching (Fig. 2D ). This timescale of 10 min is comparable to that of apoA-I binding to cells expressing ABCA1 (16) . These results suggest that apoA-I, upon binding to ABCA1, induces dissociation of ABCA1 dimers into fast-diffusing monomers. This monomer dynamic behavior is similar to that of ATPase-deficient ABCA1-MM, which does not translocate lipids.
Lipid-Free ApoA-I Interacts with ABCA1. We confirmed apoA-I binding to ABCA1 at the level of single molecules. This observation was conducted in the upper PM via oblique illumination (rather than total internal reflection illumination; see Materials and Methods for details). Within 2-4 min after the addition of 3 nM Atto594-apoA-I to the medium, 66.5 ± 8.8% of apoA-I spots observed on the PM were colocalized with immobile ABCA1, which are most likely to be dimers ( The number of apoA-I spots that were located on the PM but were not colocalized with ABCA1 increased over time (arrows in Fig. 4A ; red squares in Fig. 4C ), whereas those that were colocalized with ABCA1 spots (arrowheads in Fig. 4A ; blue circles in from ABCA1 within 1 min after binding (16); apoA-I undergoes a conformational transition in response to lipids (17) ; and lipidated apoA-I can no longer interact with ABCA1 (5, 18).
Discussion
Using single-molecule fluorescence imaging methods, we succeeded in revealing dimer-to-monomer and immobile-to-mobile interconversion of ABCA1 molecules during the initial steps of HDL formation. Based on the present results, we propose the following working hypothesis for dHDL formation (Fig. 5 ). ABCA1 monomers that have not reserved sufficient lipids constantly translocate lipids as transporters in an ATP-dependent manner, even in the absence of apoA-I, and diffuse freely in the PM (step 1). As ABCA1 reserves cholesterol and phospholipids, perhaps within its large ECDs and/or its vicinity in the PM, the molecule undergoes conformational changes (11), consequently forming dimers. These lipidated ABCA1 dimers interact with the membrane-skeletal actin filaments and other stable structures in the PM, leading to the halt of diffusion, and become ready for apoA-I access (step 2). Lipid-free apoA-I directly binds to the ECD(s) of the ABCA1 dimers (step 3), but not that of monomers, consistent with a previous report (19) , and becomes loaded with lipids reserved by ABCA1 (step 4). Because dHDL is composed of 100-200 lipid molecules surrounded by two apoA-I monomers, it is reasonable that ABCA1 would form dimers with its reserved lipids and be ready to interact with two apoA-I molecules. The conformational transition of apoA-I caused by lipid loading might facilitate its dissociation from ABCA1. By losing the reserved lipids, the ABCA1 dimer dissociates into monomers, is released from immobilization, and resumes diffusion in the PM, again to reserve lipids by constantly translocating them in an ATP-dependent manner (step 1). Meanwhile, the lipid-loaded apoA-I spontaneously interacts with the PM and is in equilibrium between the PM and the media (step 5).
In general, receptor dimerization or oligomerization is important for many signaling pathways, often as the first step for inducing intracellular signals upon ligand binding (20, 21) . Furthermore, even in the absence of extracellular stimulation, many receptors have been proposed to form dimers, including epidermal growth factor receptor (22) and a number of G protein-coupled receptors (GPCRs) (23) (24) (25) (26) (27) (28) , to facilitate stimulation-induced dimerization and multimerization. Therefore, dimer-monomer interconversion is important for understanding signal transduction, and the dynamic equilibrium between monomers and dimers of a GPCR has recently been fully characterized (15) .
In contrast, dimer-monomer interconversion of transporters has not drawn much attention, although some transporters are known to function as oligomers. Here, by using single-molecule fluorescence imaging, we showed that a dimer-monomer interconversion cycle of ABCA1 occurs during dHDL generation and depends on ATPase activity and lipid transport. We determined that about 70% of total ABCA1-GFP spots functioning on the PM are immobilized, and estimated that about 89% of immobile ABCA1 molecules are in dimers, which dissociate into monomers after apoA-I binding. In this study, we succeeded in quantifying monomer-dimer interconversion of a transporter at the single-molecule level. The shift from immobile ABCA1 dimer to diffusing monomers after transferring lipids onto apoA-I provides insights into the dimerization mechanism of a membrane protein that depends on its lipid-interacting status. The formation of ABCA1 dimer is the key for apoA-I binding and dHDL generation. Thus, ABCA1 dimerization has physiological significance for cholesterol homeostasis in the body and, furthermore, dissecting the dimer and monomer dynamics is necessary to understand ABCA1 function. Our findings reveal a mechanism by which lipids are transported and HDL is generated by ABCA1 in the context of dimer-monomer interconversion.
Previous reports have suggested that ABCA1 forms dimers that undergo transition into higher-order structures, such as tetramers, during the ATP catalytic cycle by native PAGE, chemical crosslinking, and fluorescence resonance energy transfer experiments (19, 29) . However, the oligomeric structure is not fully resolved at the single-molecule level in living cells, and it is not clear how oligomerization of ABCA1 is regulated. Because the expression levels of ABCA1 were kept very low (<0.3 copies/μm 2 ) for singlemolecule imaging in the present study, we observed very limited numbers of oligomer-like bright spots before apoA-I application. The interconversions of ABCA1 between dimers and monomers observed here occurred on the PM, likely to be independent of the endocytic pathway (30, 31) . The observation that an ATPasedeficient ABCA1 mutant, ABCA1-MM, which is unable to generate HDL, did not form dimers or show immobilization on the PM implies an obvious medical impact that dimerization of ABCA1 is physiologically critical. The inconsistency between our data and a previous report by Trompier et al. (29) in which ABCA1-MM forms a dimer, tetramer, and an even higher supramolecular assembly could be due to differences in methodologies. For instance, a protein overexpression system might affect the oligomeric state. Single-molecule fluorescence imaging allowed us to directly observe ABCA1 dimers and monomers at the level of single molecules on the PM, which could not have been achieved solely by biochemical analysis such as native PAGE or chemical cross-linking. The assembly state of another ABC protein, the cystic fibrosis transmembrane conductance regulator (CFTR), was also controversial as a result of indirect evidence that suggested CFTR could exist as monomers, dimers, or higher-order oligomers. However, fluorescence-intensity measurement and analysis of photobleaching dynamics of CFTR fused with GFP by Haggie and Verkman revealed that CFTR is monomeric (32) , where single-molecule fluorescence imaging was beneficial for verifying the oligomeric state of a membrane protein as well as in our study.
Simultaneous observation of apoA-I and ABCA1 revealed that apoA-I binds to the dimer form of ABCA1 and dissociates from ABCA1 after being loaded with lipids. In turn, lipidloaded apoA-I binds to the general PM surface independently of ABCA1. The equilibrium of lipid-loaded apoA-I between the membrane surface and the medium could lead to dHDL generation. We successfully visualized the initial steps of the dHDL generation process mediated by ABCA1 and apoA-I.
We found that ABCA1 is unique as it forms a dimer via lipid translocation and dissociates into monomers upon apoA-I binding during HDL generation. We clarified the relationship between the function and dynamics of a transporter, and succeeded in characterizing the mobility of dimeric and monomeric ABCA1. In addition to the photobleaching analysis, the mobility of the ABCA1 molecule will be an informative indicator and parameter for discerning dimers and monomers. The dimerization of ABCA1 is critical to dHDL generation; the ABCA1 dimer could serve as a scaffold for two apoA-I molecules to interact, come together, and receive lipids from ABCA1 for dHDL generation. It is known that HDL generation is regarded as the most important event for preventing atherosclerosis, and that reverse cholesterol transport mediated by HDL is the only way to retrieve excess cholesterol from peripheral tissues to the liver. Thus, our findings provide insight into the mechanism of HDL generation and may have therapeutic potential for atherosclerosis and other disorders.
Materials and Methods
Cell Culture, cDNA Construction, and Expression in HeLa Cells. HeLa cells were cultured in minimum essential medium Eagle (Sigma) supplemented with 10% (vol/vol) FBS at 37°C in 5% CO 2 . Human ABCA1 and ABCA1-MM (with two point mutations of K939M and K1952M) were fused with EGFP or monomeric (m)EGFP at their carboxyl termini, where an mEGFP mutant was modified from EGFP by introducing a mutation corresponding to an A206K monomeric mutant (33) . For further experiments, HaloTag (Promega) with the appropriate linker (SRGSPGSIATINTTHYRASKAT) was used to label ABCA1 at its carboxyl terminus. HeLa cells were transfected with expression vectors encoding labeled ABCA1 or ABCA1-MM, using Lipofectamine and Plus Reagent or Lipofectamine 2000 (Invitrogen) according to the manufacturer's instructions. The cells were seeded in a glass-base dish (35-mm diameter with a window diameter of 12 mm, 0.15-mm-thick glass; Iwaki) and cultured for 2 d before observation.
Preparation of Atto594-ApoA-I. Purified recombinant apoA-I expressed in Escherichia coli was incubated with Atto594 NHS ester (ATTO-TEC) in carbonate buffer (pH 8.3) (1 h) followed by fractionation using PD-10 columns (Amersham). The dye:protein ratio was calculated to be between 2.5 and 5.0 by measuring the absorbance at 280 and 601 nm. Alexa546-apoA-I was prepared as previously described (30) .
Single-Molecule Fluorescence Tracking and Diffusion Analysis. Single-molecule fluorescence tracking was performed as previously described (15, 34) . In brief, a home-built, objective lens-type TIRF microscope based on a Nikon TE2000-PFS was used. HeLa cells expressing ABCA1-(m)EGFP were observed at 37°C in HBSS supplemented with 2 mM Hepes (pH 7.4) and 0.02% lipid-free BSA. For most of our experiments, the bottom cell membrane was locally illuminated with an evanescent field (a Nikon 100×, 1.49 NA objective lens was mainly used, but an Olympus 100×, 1.49 NA objective lens was also used by combining an attachment for several experiments; total magnifications on the camera chip were 400× and 444×, respectively), as described (14, (35) (36) (37) .
To observe the apical membrane, we applied a highly inclined and laminated optical sheet illumination method (38) . The fluorescence from labeled ABCA1 was detected on the appropriate channel on the simultaneous observation system. For simultaneous observation, the fluorescent images in each channel were projected onto a two-stage microchannel plate intensifier (C8600-03; Hamamatsu Photonics), and the lens coupled to an electron bombardment charge-coupled device camera was operated at video rate (C7190-23; Hamamatsu Photonics). The movies were recorded on a digital videotape (PDV-184ME; Sony). Quantitative analysis of ABCA1 movement was performed based on mean square displacement (MSD) methods described previously (39) (40) (41) (42) (43) . For each trajectory of a particle, MSD, <(Δr(Δt)) 2 >, every time interval was calculated according to the equation (41, 44) 
where δt is the time resolution, (x(jδt + nδt), y(jδt + nδt)) describes the particle's position after a time interval Δt n = nδt after starting at position (x(jδt), y(jδt)), N is the total number of frames in the sequence, n and j are positive integers, and n determines the time increment.
Determination of the Number of ABCA1 Molecules in a Single Spot by Photobleaching
Step Analysis. Each individual fluorescent spot was identified via a homemade computer program as described previously (15, 40) . Until the fluorescent spot was photobleached, the fluorescence signal (1) . ABCA1, which reserves lipids within or nearby, is immobilized as a dimer by being tethered to actin cytoskeletons (2) . Lipid-free apoA-I binds to the ABCA1 dimer (3) . Lipids are loaded onto apoA-I, and the ABCA1 dimer dissociates into monomers (4) . Lipidated apoA-I spontaneously binds to the PM and is in equilibrium between the PM and the media (5).
intensities of distinguishable fluorescent spots were tracked frame by frame in a 740 × 740-nm 2 area containing the single spot, and then normalized by subtracting the background intensity of an adjacent 740 × 740-nm 2 area (14, 35, 36) . The number of photobleaching steps was counted from obtained fluorescence signal intensity traces (45) .
Simultaneous Observation of ApoA-I and ABCA1 at the Single-Molecule Level. For labeling HaloTag with an organic dye, HeLa cells transiently expressing Halo-tagged ABCA1 or ABCA1-MM were incubated with a fluorescent Halo ligand (HaloTag R110 Direct; Promega) for 15 min. After washing with culture medium and incubation for 30 min, cells were again washed with HBSS. Atto594-conjugated apoA-I (obtained dye:protein ratio 2.5-5.0) was added to the observation medium at a concentration of 3 nM, and the cells were observed. To prevent nonspecific binding of apoA-I to glass and cell surfaces, HBSS was supplemented with 0.05% PEG 20K as a blocking reagent. However, because single-molecule fluorescence observation is still difficult for the basal membrane as a result of nonspecifically bound fluorescent apoA-I on the glass surface, we chose to use the apical cell membrane for this observation only and used highly inclined and laminated optical sheet illumination (38) . After Atto594-apoA-I and ABCA1-HaloTag-R110 (rhodamine 110) were simultaneously observed by two individual cameras, which were separately equipped on fluorescence detection arms, the two video sequences were superimposed frame by frame after a correction factor was applied (14) . The number of colocalizations of apoA-I with ABCA1 was evaluated via methodology developed by Koyama-Honda et al. (14) , in which colocalization was defined by overlapping centers (within 150 nm) of the two molecules.
Statistical Analysis. Values are presented as means ± SD. A Mann-Whitney U test was used to assess the difference between the median values of D 100ms . P < 0.05 was considered statistically significant.
